Light interacting with metallic nanoparticles creates a strongly localized near-field around the particle that enhances inelastic light scattering by several orders of magnitude. Surface-enhanced Raman scattering describes the enhancement of the Raman intensity by plasmonic nanoparticles. We present an extensive Raman characterization of a plasmonic gold nanodimer covered with graphene. Its two-dimensional nature and energy-independent optical properties make graphene an excellent material for investigating local electromagnetic near-fields. We show the localization of the near-field of the plasmonic dimer by spatial Raman measurements. Energy-and polarization-dependent measurements reveal the local near-field resonance of the plasmonic system. To investigate the far-field resonance we perform dark-field spectroscopy and find that near-field and far-field resonance energies differ by 170 meV, much more than expected from the model of a damped oscillator (40 meV).
I. INTRODUCTION
Surface-enhanced Raman scattering (SERS) is a wellknown technique to enhance the intensity of inelastically scattered light [1] . It uses the plasmonic near-field of metallic nanoparticles or surfaces to enhance the Raman signal. SERS achieves enhancement factors of up to 10 11 and enables the study of single molecules by light scattering [2] [3] [4] . A great enhancement is achieved using SERS substrates such as rough metal surfaces [5, 6] or agglomerates of metal nanoparticles [3, 7] . SERS is used in many applications, e.g., analytics, biosensing [8, 9] , and the preservation of artwork [10] . The fundamental process behind SERS is explained by different approaches, for example, the macroscopic electromagnetic enhancement theory [11, 12] . Microscopic models are the optomechanical approach [13] and the treatment of SERS as higher-order Raman scattering [14] . While the electromagnetic enhancement theory describes the plasmonic enhancement as an external effect, microscopic approaches incorporate the enhancement of the Raman scattering process.
Common techniques to characterize the spatial distribution of the local near-field of a SERS hot spot are electron energy loss spectroscopy [15] , scattering optical near-field microscopy (SNOM), and dual s-SNOM for uncovered particles [16] [17] [18] . The far-field resonance, in contrast, is often investigated by dark-field spectroscopy measuring the elastically scattered light [19] . It was shown that a gold dimer made of two gold nanodisks covered with suspended graphene can * soeren.wasserroth@fu-berlin.de † Present address: 2nd Institute of Physics, RWTH Aachen University, 52074 Aachen, Germany. be used to study the enhancement of the local near-field as well as the local strain and doping [20] [21] [22] . Graphene is an excellent material for characterizing the local near-field by Raman scattering because of its constant Raman cross section and its two-dimensional (2D) character, which allows external forces such as strain to pull the graphene into the plasmonic hot spot [20, 21, 23] . Further, the Raman spectrum of graphene and its behavior under strain are well known [24, 25] . The coupled graphene-nanodimer system has so far been characterized only at a fixed wavelength of λ = 638 nm [20, 22] . An in-depth study of its energy and polarization dependence remains missing.
In this paper, we determine the near-field properties of a gold dimer by measuring the Raman modes of suspended graphene. We use a canonical SERS system that consists of two gold disks forming a dimer with controllable dimensions. We determine the strain and doping of the suspended graphene in the plasmonic hot spot. The combined system of gold dimer and graphene shows a strong polarization dependence of the Raman intensity. For incident light polarization along the dimer axis a plasmonic hot spot forms between the gold disks, enhancing the integrated Raman intensity by 7 × 10 3 . For polarization perpendicular to the dimer axis the gold disks act as single plasmonic particles yielding only weak enhancement. We measured the SERS enhancement as a function of the excitation energy and found the resonance maximum at 2.01 eV. We discuss the surprisingly large difference (170 meV) between the plasmonic near-field and the plasmonic far-field resonances. Since graphene has no intrinsic resonance, all changes in the Raman intensity are attributed to the changes in the near-field enhancement of the plasmonic system. Atomic force microscopy (AFM) imaging and dark-field spectroscopy were performed to characterize the spatial and far-field properties of the plasmonic system. This paper is organized as follows. In Sec. II we describe the experimental setup and the sample geometry. Section III presents and discusses the results of the Raman and dark-field measurements. The local strain and doping of the graphene and the localization of the plasmonic hot spot are discussed in Secs. III A and III B. The polarization dependence of the Raman response of the dimer system is presented in the next part of the paper (Sec. III C). Section III D presents the excitation-energy-dependent measurements of the near-field (Raman) and the far-field (dark field).
II. EXPERIMENTAL PROCEDURE
The sample consists of a field of plasmonic nanodimers that are built of two gold disks on a SiO 2 /Si substrate with a 290-nm-thick SiO 2 layer [sketch in Fig. 1(a) ]. A variety of dimer structures with different diameters was exposed by electron-beam lithography in a LEO 1530 Gemini FEG scanning electron microscope (SEM) and Raith Elphy Plus Lithography System with Laser Interferometer Stage. Cr (5 nm) and Au (45 nm) were evaporated, followed by a liftoff in an ultrasonic bath. The spatial properties of the system were imaged by (SEM; Zeiss ULTRA 55 with 10-kV acceleration voltage) [see Fig. 1(b) ]. A statistical evaluation of the SEM images of the investigated dimers yielded diameters between 100 and 110 nm and a gap of 20-30 nm.
A large flake of graphene was placed over the dimer field, covering multiple dimers. The graphene flake was prepared on a p-doped SiO 2 /Si substrate with a 90-nm oxide layer by micromechanical cleavage [26] . The flake was precisely transferred on top of the plasmonic structures. For the transfer the graphene was coated with a polymer supporting the socalled 'wet' transfer [27] . We checked by optical microscopy and Raman spectroscopy that monolayer graphene covered the region of the investigated plasmonic dimers [28] . The topography was measured by AFM using a Park Systems XE-150 in noncontact mode.
To access the near-field properties of the plasmonic system we measured the enhancement of the Raman modes of graphene as a function of the excitation energy. We use a tunable laser system to excite the plasmonic system in the wavelength range of 488-670 nm [29] . The light was focused and collected through a 100× microscope objective (NA = 0.9) with a laser spot size of 410 ± 30 nm at an excitation wavelength of 602 nm. Raman spectra were recorded with a Horiba T64000 spectrometer in backscattering configuration at room temperature. The positioning of the laser on the plasmonic hot spot is crucial, as small changes lead to a dramatic decrease or increase in intensity. To achieve maximum enhancement and comparable results in the excitation-energy-dependent measurements the laser focus was centered on the dimer with a piezo stage (PI E-710; step size, 100 nm) for every measurement. The polarization of the laser was chosen to be parallel to the dimer axis unless specified otherwise [see Fig. 1(c) ]. The laser power on the sample was kept constant at 300 μW. Calibration spectra of freestanding graphene were recorded at every wavelength to account for changes in the optical response of the setup. The enhanced intensity of the graphene modes in the excitation-energy-dependent measurements (see Sec. III D) was divided by the intensity of the G and 2D modes of the calibration spectra of suspended graphene. Additionally, reference spectra of graphene were recorded on the substrate (without plasmonic nanostructure) 2 μm from the dimer at every wavelength. The intensity of the Raman modes in the reference spectra was subtracted from the enhanced measurements to remove interference effects between the substrate and the graphene, ensuring that we investigate the plasmonic enhanced intensity [30] .
The far-field resonance of the dimer was investigated by dark-field spectroscopy. The elastically scattered light was guided from the microscope with a 100× dark-field objective through a fiber to a Horiba Scientific iHR320 spectrometer. The sample was illuminated by a 50-W white-light halogen lamp and the light was polarized along the dimer axis.
III. RESULTS AND DISCUSSION
We investigated the plasmon-enhanced Raman modes of graphene suspended on different dimers. Figure 2 shows that the transfer of graphene on top of plasmonic nanodimers yields a reproducible plasmonic enhancement at 633 nm for most of the dimers. Dimer VI shows no enhancement of the G and 2D modes, but a strong D mode is present; we conclude that for this dimer the graphene is torn in the gap, yielding no enhancement but defects. For the rest of the paper we focus on only one dimer (dimer I in Fig. 2 ) and characterize it in detail. For the investigated dimer system, strong enhancement and strain were reported previously at a 638-nm excitation wavelength with polarization along the dimer axis [20] .
In Fig. 3 we show an exemplary plasmon-enhanced Raman spectrum of graphene in greater detail. One spectrum was recorded at a 605-nm excitation wavelength while focusing on dimer I in Fig. 2 (black line in Fig. 3 ) and a reference spectrum was recorded next to the dimer on the substrate (blue). We labeled the prominent D, G, and 2D modes in graphene and their strain components G + , G − , 2D + , and 2D − [25, 28] . The reference spectrum shows only the unstrained G and 2D modes. We observe an increase in the integrated scattering intensity by a factor of 90 for the G and 55 for the 2D mode. The enhanced spectrum in Fig. 3 shows a shift and splitting of the G and the 2D modes with respect to the modes of the reference spectrum, which indicates that hydrostatic and shear strain as well as doping are present in the graphene sample (see Sec. III A) [22] . In addition to the enhanced and shifted modes the unstrained G and 2D peaks remain present as shoulders in the plasmon-enhanced Raman spectrum. These features originate from the graphene surrounding the dimer because the laser focus (diameter, 410 nm) is much larger than the size of the plasmonic hot spot located in the gap of 30-nm size.
In Fig. 3 the D mode is shown in the plasmon-enhanced spectrum, whereas there is no indication of defect modes in the reference spectrum, as expected for high-quality mechanically exfoliated graphene. Activation of defect modes in plasmon-enhanced Raman scattering of graphene was reported previously and attributed to the spatial localization of the near-field [31] . Alternatively, the defect modes may originate from point defects in the cavity that are only visible when enhanced. The broad shape of the D mode is rather unusual for a defect-induced mode, consolidating the assumption of a plasmon-induced D mode.
A phenomenon often observed in SERS is the so-called blinking of the Raman modes [32] . It describes the sudden change in intensity of Raman modes over time. Figure 4 shows a series of Raman spectra of the G and 2D modes as a function of time. There is a small overall loss of intensity with time, presumably due to a shift in the sample position (defocusing). Neglecting this change, the intensities of the G and 2D modes remain constant, making them perfect candidates for evaluation of the integrated local field of the plasmonic system. In contrast, blinking occurs in the region of the D and D modes. These modes most likely depend on highly mobile and extremely localized features in graphene and/or in the plasmonic nanodimer such as mobile defects in graphene or mobile gold atoms [32] . The different behavior of the graphene Raman modes makes graphene an excellent material for testing plasmonic systems. The constant G and 2D modes allow investigation of the plasmonic resonance, whereas the blinking defect modes can provide more information about the confinement of the plasmonic near-field and will be the subject of future investigations. 
A. Local strain and doping
The plasmonic enhancement of graphene Raman modes allows us to detect local properties of graphene in the hot spot at nanoscale resolution [20] . First, we evaluate the strain configuration and doping level for graphene suspended over a gold nanodimer. Tensile hydrostatic strain leads to a shift of the G and 2D modes to lower wave numbers. Shear strain induces a splitting of both modes [25] . Doping also results in a shift of the G and 2D modes due to the singular electron-phonon interaction for electrons at the Fermi surface (Kohn anomaly) [33] . Depending on the type of doping the modes shift to higher or lower wave numbers. For graphene in contact with gold nanoparticles n-type doping is characteristic [34, 35] . It yields an upshift of the G-mode frequency, while the 2D line is almost constant in frequency for low doping levels, followed by a downshift at higher dopings [36] .
The strain and doping level were determined with a correlation analysis of the G and 2D modes for arbitrary strain configurations [22] . For each Raman mode, we calculate the mean value of the two strain components ω G = 1534 cm −1 and ω 2D = 2512 cm −1 and obtain a hydrostatic strain of 2.1%. This causes a 59-cm −1 frequency shift of the G line. The shear strain amounts to 1.1% calculated from the G + and G − splitting of 7 cm −1 . We find an n-type doping level of 10 13 cm −2 , corresponding to a shift of the G mode by 10 cm −1 . These values report the local strain and doping of graphene in the dimer gap. According to the calculated near-field distribution in Ref. [20] the strongest plasmonic enhancement emerges in the dimer gap, leading to the conclusion that the SERS signal is dominated by contributions from the hot spot. The relative Raman intensities of the G + and G − components also allow evaluation of the lattice orientation of the graphene flake with respect to the dimer axis. The zigzag direction in the lattice of the graphene flake that covers the dimer is tilted by an angle of 9
• towards the dimer axis. AFM measurements show the expected topography of graphene for local strain inside the dimer gap and around the dimer. The AFM topography image in Fig. 5(a) clearly shows the two gold disks and the graphene extending over the dimer. The graphene is pulled down towards the substrate due to adhesion forces straining the graphene in the gap between the disks, as shown in the height profile through the dimer center in Fig. 5(b) . A detailed discussion of the strain configuration can be found in Refs. [20] [21] [22] . 
B. Localization of the near-field enhancement
Plasmonic near-fields localize light to length scales of the order of 10 nm [37] . The near-fields are challenging to visualize, because most measurements operate with far-field detection techniques. The typical laser spot sizes in a Raman experiment are several hundred nanometers in diameter. Some of us recently introduced a SNOM for inelastically scattered light that measured a SERS hot spot 75 nm in diameter (lateral size perpendicular to the dimer axis) for gold dimers similar to those studied here [18] . As an alternative approach, we obtain an upper limit for the SERS hot spot by spatially mapping the Raman response of graphene on the dimer in real space.
We scanned an area of 1 μm 2 around the dimer taking Raman spectra every 100 nm. The normalized G-mode intensity is plotted in Fig. 6(a) as a function of the (x,y) position, where the dimer is indicated by the two black circles. This Raman intensity map highlights the localization and spherical shape of the SERS hot spot. Already a shift of 100 nm results in a decrease in signal intensity of about 10%; 200 nm from the center the intensity drops to 50%. In Fig. 6(b) we plot the intensity of the G line through the center across the x and y directions. With Gaussian fits we find a full width at half-maximum (FWHM) of 440 ± 20 nm in both directions. The behavior reflects a convolution of a localized scatterer with a much more extended laser focus. To measure the diameter of the laser spot we scanned the focus over a small bundle of carbon nanotubes (Fig. 7) and obtained an FWHM of 410 ± 30 nm. Comparing the width of the Raman map [see Fig. 6(b) ] and the diameter of the laser spot we get a width of 160 ± 95 nm for the plasmonic hot spot. The width resembles the size of the dimer system. This appears reasonable, because the SERS response accessed by us is dominated by the far-field excitation and detection of the nanodimer. The SNOM-based approach directly excites and detects the near-field of the nanodimer, resulting in the nominally smaller spot size.
The localization of the enhanced signal is also evident in z-dependent scans when focusing on the dimer along the z axis, as shown in Fig. 8 . Each data point represents the Raman intensity of the 2D mode as a function of the distance between laser focus and probe. Black dots show the normalized signal when focusing on graphene coupled to the dimer, whereas red dots represent the normalized Raman intensity of graphene on the silicon substrate. The trend of both measurements differs strongly. The intensity of the graphene signal on the substrate decreases slowly, whereas the z dependence of the Raman signal on the dimer shows a trend that is expected for a localized scatterer.
The experimental intensities on the dimer should correspond to the point-spread function s in the image plane of the detector, which we calculate with geometric optics [37] . We calculate the point-spread function of a pointlike scattering center that is illuminated by a Gaussian laser beam at a 605-nm 
where Max = arcsin(NA) is the maximum collection angle of the objective. f w = exp(−1/f 2 0 NA 2 ) sin 2 , where f 0 = 0.8 is the filling factor of the back aperture of the microscope objective. k is defined as k = 2π/λ for incident light k l and scattered light k l+pn . The point-spread function was normalized to displacement along z = 0. The confocal calculation (blue line) resembles very well the measured data until z = 500 nm. The nonconfocal calculation, in contrast, fits better the second maximum at around z = 1700 nm. We conclude that our experimental data represent a combination of confocal detection at closer distances z and nonconfocal detection, when the focus is more distant from the scattering center. We attribute further differences to the simplified model used in the calculation. From the z-dependent measurement and the comparison of the laser focus and the Raman map we conclude that the localization is in the order of the size of the plasmonic system. 
C. Polarization dependence of the near-field enhancement
The Raman intensity of graphene coupled to a plasmonic dimer shows a strong polarization dependence. This was originally demonstrated for two perpendicular polarizations as a proof of the plasmonic enhancement in the dimer-graphene system [20] . Due to the specific design of our canonical SERS system we can switch the plasmonic coupling of the dimer by rotating the incoming polarization. In Fig. 9(a) we show polarization-dependent measurements of the G and 2D modes. A strong enhancement is observed when the incoming and outgoing polarizations are parallel to the dimer axis. If the polarization is perpendicular to the dimer axis, the Raman intensity decreases by a factor of 10 for the G mode and 6 for the 2D mode. In perpendicular polarization the particles are decoupled and act as single particles, yielding weaker enhancement [20] .
The Raman intensity, in general, is described by I = |e i · R · e s | 2 , where e i and e s are the polarization direction of the incoming and scattered light, respectively, and R is the Raman tensor [38] . It is sufficient to consider our system to be 2D, because of the nature of graphene, giving a Raman tensor R = ( a 0 0 b ). Due to the local near-field configuration of the dimer the components in the x and y directions have to be considered. From the Raman tensor we calculate the Raman intensity as a function of the angle,
which is used to fit the experimental data in Fig. 9 with a G = 0.79 and b G = 0.28 for the G mode and a 2D = 0.98 and b 2D = 0.37 for the 2D mode, yielding a similar ratio a/b for both the G and the 2D modes. This is reasonable, because the scattering intensity is dominated by the properties of the nanodimer, which is identical for both modes.
D. Excitation energy dependence
To investigate and identify the position and width of the plasmonic resonance we measured both graphene Raman modes as a function of the excitation energy in the nearfield and a dark-field spectrum in the far-field. Since pristine graphene has a constant Raman cross section in the visible and near-infrared energy range [23] , changes in the Raman intensity as a function of the excitation energy are attributed to the plasmonic near-field. Our experiment directly probes the near-field enhancement of the plasmonic system. Figure 10 shows the enhanced Raman spectra at 488 nm (blue), 605 nm (black), and 665 nm (red), normalized by freestanding graphene (see Sect. II). In the spectrum at 605 nm a strong enhancement and strain of the graphene modes are observed as discussed above. At 488 and 665 nm the enhancement decreases strongly; the D mode can no longer be observed.
In the following we present the energy dependence of the near-field enhancement at the plasmonic hot spot. The near-field enhancement was measured at 30 different excitation wavelengths. It is shown in Fig. 11 for the G mode [ Fig. 11(a) ] and 2D mode [ Fig. 11(b) ]. Each point represents the integrated area of all enhanced components of both modes. The intensities of the energy-dependent measurements were normalized in the G or 2D mode of freestanding graphene directly, giving access to the local near-field enhancement as described in Sec. II. There is a clear maximum in enhancement visible at approximately 2.05 eV for both the G and the 2D modes. Almost no enhancement is observed at green excitation (532 nm/2.33 eV). To quantify the energy of the plasmonic resonance from our Raman data we adopt the higher-order Raman scattering description of plasmon-enhanced Raman scattering [14] . It gives the following expression for the enhancement factor Enh(ω l ), which we use to fit to the experimental enhancement of the G and 2D modes in Fig. 11 ,
where M is a combined matrix element. The matrix element describes the coupling between the plasmon and the Raman probe [14] . ω l and ω pl are the laser and plasmon frequency, and ω pn is the phonon frequency. We use ω pnG = 0.19 eV for the strained G mode and ω pn2D ≈ 0.3 eV for the dispersive 2D mode. γ pl =h/τ pl is the inverse plasmon lifetime τ pl , taken to be 0.15 eV, which is a common width for a plasmonic system of the dimensions used in this work. Equation (4) describes the interference of four scattering pathways, similar to resonant Raman scattering incorporating the plasmonic coupling. The first term yields the scattering amplitude where the incoming and scattered light interact with the plasmon. The second and third terms give the scattering amplitude when either incoming or scattered light interacts with the plasmon. The last contribution is given by the standard Raman scattering, where no interaction with the plasmon occurs. Since we calculate the enhancement and calibrate on suspended graphene this contribution only gives a constant [14] . The fit of the Raman resonance profile yields a plasmon energy of ω pl = 2.01 eV [see Fig. 11(a) ]. The excitation energy for maximum enhancement does not correspond to the incoming resonance since the overlap of incoming and outgoing resonance shifts the maximum to higher energies [38] . The predicted enhancement profile of the 2D mode in Fig. 11(b) was obtained from Eq. (4) using the parameters of the G-mode fit but a different coupling M. We obtain a good agreement with the experimental data, demonstrating the applicability of our approach. The difference in enhancement for the G and 2D modes is attributed to the different scattering processes of the modes [39] . The energies of the incoming resonances in Fig. 11 are determined by the local near-field resonance, therefore they are identical for the G and 2D modes. The outgoing resonance, in contrast, originates from the inelastically scattered light and depends on the phonon energy. The asymmetry of the resonance profiles in Fig. 11 results from quantum interference between different scattering processes, which is determined by the sign and magnitude of the combined matrix element M. A stronger coupling (described by the M) implies a lower ratio between incoming and outgoing resonance, approaching unity if the first term in Eq. (4) dominates [14] . Unfortunately we were not able to measure the outgoing resonance of the G or 2D mode in greater detail due to a lack of tunable laser excitation in the respective energy range. We stress once more that the observed resonances originate from the localized near-field enhancement and not from intrinsic resonances of the Raman probe, since graphene has a constant Raman cross section. This emphasizes the suitability of graphene as a probe to investigate the local near-field in plasmonic systems.
The Raman measurements are sensitive to the near-field resonance of the plasmonic system. The far-field response, in contrast, is measured by polarized dark-field spectroscopy. To characterize the plasmon response we obtained a dark-field spectrum of the dimer with the incoming light polarized parallel to the dimer axis (Fig. 12) . The dark-field spectrum has a maximum at 2.18 eV and an FWHM of 0.33 eV. The maximum of the experimental SERS enhancement occurs at energies lower than the maximum in the dark-field spectrum by roughly 200 meV. Differences between elastic scattering (dark-field spectrum) and SERS enhancement are frequently observed in SERS [40] . They are often attributed to (i) an energy difference between the far-field and the near-field resonance and (ii) a distribution in size and shape of plasmonic 155417-7 hot spots in colloidal samples that differs for elastic and inelastic plasmon-enhanced scattering [41] Since our system contains only a single plasmonic hot spot, explanation (ii) does not apply. We now examine explanation (i): Plasmon-enhanced Raman scattering yielded a near-field resonance of ω pl = 2.01 ± 0.02 eV (Fig. 11) , whereas the far-field resonance occurred at 2.18 ± 0.01 eV. Following Ref. [40] we calculated an expected shift between far-and near-field of 0.04 eV using the model of a damped oscillator and the geometry of our nanodimer. The predicted shift is much smaller than that measured experimentally (0.17 eV). We could not identify the origin of this surprisingly large shift, which will be investigated in more detail in the future. One contribution may arise from the substrate and the varying dielectric environment or the strongly damping adhesion layer between the substrate and the gold.
IV. CONCLUSION
In summary, we have shown that graphene can be used as a local Raman probe to analyze the near-field properties of a plasmonic gold nanodimer system. Due to adhesion forces from the substrate the suspended graphene is pulled into the plasmonic hot spot at the dimer gap. We were able to determine the local hydrostatic strain of the graphene to be 2.1% and the local shear strain to be 1.1%. We measured an n-type doping level of 10 13 cm −2 . The localization of the plasmonic hot spot of the dimer was confirmed by a spatial Raman map and measuring the Raman intensity dependent on the distance from the laser focus to the dimer.
We investigated the local near-field properties of the plasmonic hot spot. We observe a strong polarization dependence of the Raman intensity on the nanodimer. If the polarization is chosen along the dimer axis, strong enhancement is observed; for perpendicular polarization the intensity drops by an order of magnitude. We measured a near-field resonance at 2.01 eV. We quantitatively compared the energetic position of the near-field (Raman) and far-field (dark field: 2.18 eV) resonance of the plasmonic system.
Since the investigated system consists of a well-defined plasmonic nanostructure and a Raman probe with well-known properties it is an excellent candidate for investigation of the fundamental coupling mechanism in surface-enhanced Raman scattering. Graphene may also be used as a reference in SERS studies to quantify the enhancement factor of a given substrate or nanostructure.
